We investigated 22 broadband teleseismic records of the 1999 Chi-Chi earthquake to determine its temporal and spatial slip distribution. The re sults show an anomalous large slip region centered about 40 to 50 km north of the hypocenter at a shallow depth. The largest amount of slip was about 6 -10 m. The slip near the vicinity of the hypocenter had a relatively smaller amount of slip. The spatial slip distribution pattern coincides well with the observed strong-motion displacement and surface break. In the largest dis location region, the slip was dominated by dip-slip. Some strike-slip com ponent in the middle of the fault was found during the rupture. The South ern portion of the fault showed relatively constant rupture velocity with an average slip of about 1 m, whereas the northern portion of the fault showed significant variations in rupture velocity and produced a large amount of slip.
INTRODUCTION
The 21September1999 (01:47:12) Chi-Chi earthquake (ML =7.3) was one of the most destructive earthquakes in Taiwan during the past 100 years. Faulting during the earthquake was interpreted as reverse, left-lateral faulting on a low-angle plane along the Chelungpu fault , characterized by a long rupture length (over 80 km) and long duration of about 30 s . Field observations showed the surface breaks varied along the fault rupture. The largest displacement on surface was nearly 9.8 m, measured at 45 km north of the hypocenter. This complicated surface break possibly indicates the complexity of the rupture process of the earthquake.
Slip distribution determinations of large earthquakes are important in that they provide insight into the spatial and temporal details of the earthquake rupture process. The analysis of source models provides an understanding of the consistencies and variations in rupture kine-1 Institute of Geophysics, National Central University, Taiwan, ROG matics and dynamics from event to event. In addition to that, finite-fault source studies can also furnish information beneficial to a wide range of seismological investigations and earth quake engineering applications. For such a large event as the 1999 Chi-Chi, Taiwan, earth quake, the understanding of its rupture process is crucial for further studies.
The 1999 Chi-Chi earthquake was well recorded by the dense strong motion network (Liu et al. 1999 ). However, due to the possibility of complex fault geometry and structure, the inversion of strong motion waveforms dose not readily lead to a quick determination of fault slip distribution. However, this large earthquake was also well recorded by teleseismic sta tions worldwide, which provided a good opportunity to quickly determinate fault rupture be havior. These teleseismic data have good data quality and azimuthal coverage of the earth quake while providing first-order information on the complexity of the source of the earth quake.
DATA AN]) METHOD
The teleseismic stations chosen for this study are listed in Table 1 . The stations were chosen for their epicentral distances between 40° to 100° to avoid the complexities of the earth's structure. The distribution of stations and waveforms are shown in Fig. 1 . These data are digital recordings obtained from The Incorporated Research Institutions for Seismology (IRIS), and the stations we chose provide good coverage of azimuth from source. Instrument responses were deconvolved from the original recordings. We executed integral on each re cording to obtain ground displacement without filtering. The record lengths used were 70 s, and the sampling rate used in inversion was 0.2 s.
For a large earthquake, the rupture fault plane can usually be represented as slip distribu tion on a planar surface. Here, we divided the fault plane into numerous subfaults, with each subfault having one point source (Fig. 2) . The slip over the subfault area was contributed by the point source. The teleseismic synthetic Green's function was generated by the generalized ray method (Langston and Helmberger 1975) . The displacement recorded at a given station could then be represented as the linear sum of slip contributed from these subfaults. The rup ture on each subfault had an appropriate delay in time, which depended on the rupture velocity we assumed. The delay time between the neighboring subfaults could be estimated as the ratio of the size of the subfault to the rupture velocity. The velocity model used to compute the teleseismic Green's functions was a three-layer over a half-space as shown in Table 2, which is the average crust model of the global earth (Takeo and Kanamori 1992). The synthetic Green's functions in this study included more important conversions between phases occur ring at the free surface as well as the more important internal conversions. The source time function was given as a triangle with a 1-s rise and a 1-s fall, for a total source time duration of 2.0 s. We also further considered multiple-time window analysis on each subfault to accom modate any the possible complexity of the slip function on each subfault, allowing for spatial variations in rise time.
The observed and synthetic waveforms could, thus, be formed as a system of linear equa tions:
where A is the matrix of Green's functions, b is the data vector, and x is the solution matrix of the subfault dislocation (slip). this system of liner equation is shown in Fig. 3 . Each column of A is composed of the Green's functions, strung end to end, for a particular subfault and a particular mechanism (either strike-slip or dip-slip) for all the stations in the inversion. Similarly, b was formed by stringing all observation records end to end. Hence, each time point on each record was explicitly included in the inversion. The number of columns of A depended on the number of elements on x. Two cases were considered in this calculation. For a fixed focal mechanism, x contained the slip of each subfault with a specific slip vector as the rake angle. For free rake angle calculations, the elements of x were the amounts of strike-slip and dip-slip dislocations on each subfault. Accordingly, the Green's functions in matrix A were
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A ,, also calculated for the strike-slip and dip-slip components, respectively, to construct the form as equation (1). We solved equation (1) using positive constraints of linear least squares. Other stability constraints have previously been discussed by Hartzell and Heaton (1983) . This in version method has successfully been used in analyzing the slip distribution and rupture pro cesses of many large earthquakes, e.g., the 1983 Imperial Valley, California, earthquake (Hartzell and Heaton 1983) , the 1992 Landers, California earthquake (Wald and Heaton 1994) , and the 1994 Northridge, California earthquake ( Wald and Heaton 1996) .
Here we divided the fault area into 264 subfaults, with 33 subfaults along the strike and 8 down-dip, giving each subfault a length of 3.03 km and a down-dip width of 3 km (Fig. 2) . This is a compromising method to represent variable slip along the fault. The subfault syn thetic seismograms were convolved with a dislocation time history, which was represented by the time integral of an isosceles triangle with a duration of 2 s. The rupture velocity was assumed to be 2.5 km/s, which is about 80% of the shear-wave velocity. In the multiple-time window analysis, we allowed each subfault to slip in any one of six identical 2.0-s time win dows following the passage of the rupture front. Each window had an overlap of 1 s. A sche matic diagram depicting the use of time windows is presented in Fig. 4 . In this example, six windows are shown, but the ability to model local variations in particle displacements and rupture delays (rupture velocity variations ) is apparent; rupture can be locally delayed and can vary in duration. With multiple-time window analysis, we can study the more complex charac teristics of a fault rupture, such as variable duration of local slip histories and potential varia tions in rupture velocity.
RESULTS

Slip Distribution
The focal mechanism of the USGS CMT solution of strike = 356°, dip = 29° and rake = 66° was first used for the Green's function calculations. However, the strike from the CMT solution was somewhat different from the strike of the observed surface break of the Chelungpu fault with strike of about 3°. To test this uncertainty in the strike, we considered both mecha nisms in the calculations. The slip distributions from these two mechanisms is shown in Fig.   5 (a) and (b), respectively, for strikes of 356° and 3°. The overall slip distributions in the two models are similar. The misfits, defined as , are about 0.41 and 0.38 for strikes of 356° and 3°, respectively.
They both show most of the slips were located at depths shallower than the depth of the hypocenter. A large asperity was found at 20-50 km to the north of the hypocenter along the strike. The slip was anomalous large averaging about 3 m. The slip near the hypocenter vicin ity was relatively small. The largest slip was located at about 45 km to the north of the hypo center at a down-dip depth of 6 km, with a maximum slip of about 8m. There was some slip distributed sm1th of the hypocenter, suggesting some bilateral rupture behavior with respect to this earthquake. However, it had a significantly small amount of slip compared with the slip to the north of the hypocenter. 
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The slip distribution also revealed some significant slip located at the deeper part of the fault plane. To examine the slips in deeper depths, we decreased the down-dip width in the fault dimension with the fault width of only 25 km. The result (Fig. 5(c) ) shows similar slip distribution to that previously reported for the shallow portion. This indicates the reliability of the shallow slip distribution of this earthquake. However, the decrease in the fault plane re duced the amplitude of the waveforms with misfit of 0.39 and seismic moment. Although the slip at the shallower depth can explain most of the waveforms, the results still suggest that the slip at the deeper depth of the fault plane might have been real. Figure 6 compares the ob served and synthetic waveforms for the fault geometry with length of 100 km and width of 45 km and strike of 3°, dip of 29° and rake of 66°. The waveforms are well explained for the first 40 s. After that some discrepancy is found between the observations and synthesized wave- Green's functions for both the strike-slip and dip�slip mechanism to allow for the variations in rake angle from 0° to 90°. As mentioned in the previous section, by considering these two groups of the Green's functions in the inversion simultaneously, we were able to obtain the strike-slip and dip-slip components of slip on each subfault. The rake angle on each subfault was, therefore, determined from the vector sum of these two components, which allowed for the variations in rake angle during the rupture.
The slip distributions for the inversion of strike-slip and dip-slip are shown in Figs. 7 (a) and (b). The total slip distribution is shown in Fig. 7(c) . In general, the overall slip distribution is similar to the one in the previous study. Also shown is a large asperity to the north of the hypocenter at shallow depth. The slip at deeper depth is also revealed. The largest amount of slip, located near the surface at about 45-50 km north from the hypocenter, is dominated by the dip-slip component. The slip vector has a complex variation during the rupture. Some strike-slip component is revealed during the rupture near the middle of the fault. The average rake angle in the fault plane was about 60°, which is similar to the rake angle determined by the CMT. The slip at the deeper depth had an average slip of about lm. The synthetics of this calculation are shown in Fig. 8 . The synthetics can now explain the overall observed wave forms well, and suggest the possibility of a variation in the rake angle during the rupture.
Temporal and Spatial Slip Distribution
We further considered multiple-time windows in this analysis. Six time windows were utilized at each subfault to enable us to make general observations about the time-history of the earthquake rupture. Considering the possible data resolution limitations on the teleseismic waveforms, for the temporal-spatial slip distribution analysis, we considered the focal mecha nism as strike= 3°, dip= 29° and rake 66°. Even though this focal mechanism might not have been able to explain the observed waveforms at the later part well, previous studies have shown that this focal mechanism can represent the overall slip distribution pattern of the fault plane well. The final spatial-slip distribution of this multi-time windows model is shown in Fig. 9 . Figure IO shows the comparison of the observed and synthetic waveforms. Again, overall, the final spatial-slip distribution was similar to the patterns revealed in previous stud ies. This suggests that the spatial-slip distribution obtained in this study may be considered somewhat reliable. Figure 11 shows the temporal-slip distribution of the fault plane for every second of the rupture. The propagation of the rupture front for the shallow slip region is also shown for every second. There is a significant variation in the rupture velocity. Near the hypocenter it is initially about 2.5 km/s, similar to common observations of about 85% of the shear wave velocity, but it decreases substantially to only about 1.2 km/s in the largest slip region. The initial rupture velocity was assumed to be a constant 2.5 km/s in the main part of the source region. We tried a range of values from 1.9 to 3.1 km/s but found 2.5 km/s to be the most suitable. After the execution of multiple-time window inversions, we found that the rupture velocities varied from 1.2 km/s to 4.0 km/s. The variations in the rupture velocity might have been associated with the stress or strength condition of the fault. The supersonic wave had also been examined in the 1979 Imperial Valley earthquake by Archuleta (1984) Landers earthquake by Peyrat et al. (2000) and Wald and Heaton ( 1994 ) . They concluded that the subsonic rupture velocities generally occurred within and near the low-stress areas on a fault, while supersonic ones dominated within highly-stressed patches of the fault. Although it is difficult to determine the rupture front due to data resolution, a slower rupture velocity near the large slip region is still evident. This complicated variation can be further investigated by considering a non-linear dynamic rupture process analysis. Figure 12 shows the map view of the slip distribution for the Chi-Chi earthquake. It is noteworthy that the largest slip region was in fact located at the turning portion of the Chelungpu fault, and it was near the epicenter of the 1935 Hsinchu-Taichung earthquake (ML =7.1). Also shown in Fig. 12 is the location of the larger aftershocks (ML > 4). Although the precise locations of the aftershocks may not be certain, they are reasonably well correlated with the slip distribution. The large slip region showed the absence of aftershock, while large after shocks clustered near the edge of regions with concentrated slip. In general, slip distributions derived in the different models show similar patterns. The results from multi-time window analysis are presented for comparison with the observed sur face displacement along the Chelungpu fault in Fig. 13 . The spatial-slip distribution has very good agreement with geological observations (Lee and Cheng 2000; . A larger number of slips occurred at 10 -20 km north of the fault. The largest surface break occurred at about 45 -50 km north of the epicenter. The spatial-slip distributions obtained in this study also coincide well with the near-source strong motion waveforms (Chung and Shin 1999; . Large static offset can be noted for the displacement waveforms near the deter mined large slip region. A smaller amount of static offset is found for the stations near the southern portion of the fault. The slip distributions at the southern and northern portions of the fault show different rupture behavior. Table 3 lists the related fault parameters of the models used in the analysis.
CONCLUSIONS
The analysis of the teleseismic waveform inversion through different models consistently reveals a large asperity in the northern portion of the fault. An anomalous large slip region centers about 40 to 50 km north of the hypocenter at the shallow depth. The largest amount of slip was about 6 -10 m. The slip near the vicinity of the hypocenter had a relatively smaller 
